Introduction 37 38

General considerations 39
Strontium is a very reactive metal that quickly oxidizes forming an oxide and therefore it 40 does not occur free in nature [1] . It is a lithophile metallic element, which is found in 41 nature as Sr 2+ , and may substitute Ca 2+ in a variety of rock-forming minerals, 42
particularly Ca rich minerals, including feldspar, gypsum, plagioclase, apatite and, 43 especially, calcite and dolomite [2, 3] . Sr in rocks is found with variable concentrations 44 depending upon their nature and composition. In igneous rocks Sr is enriched in 45 basalts, andesites and dacites, while insignificant in ultramafic rocks [4, 5] . In 46 sedimentary rocks Sr is enriched in carbonate rocks [5] .Weathering is responsible for 47 releasing strontium from rocks into soils and subsequently to plants and animals, and 48
for entering the oceans primarily by river transport of sediments [6] . Human activities 49 also contribute to the release of strontium into the atmosphere, as aerosols [7] . 50
Strontium has four stable isotopes 88 Sr, 87 Sr, 86 Sr and 84 Sr with relative average Earth's 51 abundances of 82.5845%, 7.0015%, 9.8566% and 0.5574%, respectively [8] . These 52 were formed during the stellar synthesis [7] . 87 Sr has the particularity of being the only 53 stable isotope of strontium that is radiogenic. The radioactive decay of 87 Rb (half-life ≈ 54 9.23 x 10 9 years [9]) into the radiogenic isotope 87 Sr leads to an increase in the natural 55 relative abundance of the last, which is more significant for both higher concentrations 56 of Rb and age of the soils as shown in Fig. 1 .
87
Sr/ 86 Sr is considered a valuable tracer 57 of strontium in rocks and minerals since it can be related to their Rb/Sr [10] , providing 58 valuable information on both age and geochemical origin of the geologic materials 59 [5, 11] 144
The main pathway of exposure to strontium for humans is through the inhalation of 145 aerosols and the ingestion of water and food [24] , in particular of cereals and 146 vegetables. It is estimated that a typical diet provides 2 to 4 mg of strontium per day [1] . 147
Strontium and calcium present similar distributions in the human body, with 148 approximately 99% of the total body burden in the skeleton [24] . However, the total 149 amount of strontium in human bodies is much smaller than calcium. While calcium 150 represents 1.4% of total body mass, strontium accounts for only 0.00044% [1] . Several 151 factors contribute to this, namely that calcium is more easily absorbed than strontium, 152 the renal excretion of the last is three times higher than the former [1] , and a much 153 6 Since our main goal is to present applications of strontium and its isotopes in biological 200 related fields as well as the analytical results obtained in such studies, a deeper 201 analysis of the analytical challenges associated with either technique is beyond the 202 scope of this review. The subject has already been approached by different authors 203 and thus will not be further developed here [11, 27, 36, 60, 61] . 
Medical applications 213 214
Even though strontium is considered without any biological role in humans some of its 215 radioactive isotopes have proven to be useful in medical applications. The mode of 216 decay as well as their half-life determines both toxicity and potential for medical 217
applications. 218
Medicines Agency has recommended its use only in severe osteoporosis, for post-236 menopausal women and adult men at high risk of fracture, and without a previous 237 history of heart or circulatory problems [68] . In addition, its administration to patients 238 with knee osteoarthritis has been described as a milestone, since it has produced 239 clinically meaningful effects on pain relief and physical functions [69] . 240 241 242
Food provenance 243 244
Radioactive decay in rocks of different ages leads to different isotope ratios in the labile 245 fraction of the soils; the absorption of the isotopes by plants is reflected in the final food 246 products, giving a unique isotopic signature associated with a geographical 247 provenance, known as isotopic fingerprinting. 248
In recent years, it has been noticeable a growing interest by consumers on the 249 geographical origin of the food that they eat, to avoid serious foodborne diseases [13] . 250
Furthermore, the European legislation on regional food protection considers the 251 authenticity as a quality criteria for the food, and its ingredients, subject that has gained 252 increasing importance over the past years [31] . 253
Plants absorb elements mainly through their roots; therefore isotope ratios of plants 254 depend both on the soil and climate conditions in which they grow. These reflect 255 themselves on the isotopic composition of the final products, providing a unique 256 fingerprint for studying traceability of numerous foodstuffs. The development of new 257 advanced analytical techniques, over the last ten years, made possible the 258 determination of the geographic origin of most foodstuffs through the analysis of its 259 elemental and isotopic compositions [13] . Multi-isotope or single-isotope ratios can 260 8 fractions, strontium isotope ratios of bedrocks were maintained in soils and plants [71] , 271
Once absorbed, strontium is distributed to other parts of the plant such as leaves or 272 fruits, turning it into a constituent of foodstuffs and thus entering the food web [7] . 273
Subsequently, examples of foodstuffs will be presented. 274
Wine is most likely the food commodity with the highest number of studies in the area 275 of geographical origin authentication. This is probably due to the strict regulation of this 276 market and to the high commercial value achieved by wines from certain "Protected 277
Designation of Origin" (PDO). It has been recognized for a long time that the terroir 278 from which the wine is originated is essential to ensure its final quality. In 2013 a study 279 accordance with the results found in our review, some relevant questions may be 304 raised regarding the methodology applied. First and most importantly, is the analytical0.005%), ICP-Q-MS does not provide a high enough precision for the determination of 308 isotope ratios since at best it is 0.05% [79] . Moreover, the extraction of strontium from 309 matrix was carried out using HNO3 combined with sonication, while the most common 310 procedure is solid phase extraction following digestion, which could have led to some 311 bias in sample preparation. 312 Table 2 As may be seen in Fig. 2, were not taken into consideration since its report in scientific papers is occasional and 477 unclear. In general papers dealing with food authentication report more information on 478 quality data when compared to the remaining applications, and therefore were selected 479 to prepare 2-100 g of olive oil + 3 ml H2O2 + 21 ml HNO3 (7 N) were placed on a hotplate (120 °C, 48 h) followed by calcination (650 °C, 2h). The dry residue was dissolved with 0.5 ml of HNO3 (2 M) and placed on a hotplate (5-10 min)
Eichrom Sr resin 0.01% (olive oil) 0.001% (SRM987) 0.002-0.01% (olive oil)
[50]
Tomato products TIMS 250-300 mg of freeze-dried tomato products + 2-3 mL of HNO3 were subjected to microwave assisted digestion or chemical mineralization. Samples were evaporated to dryness and redissolved in 10 mL of 8 M HNO3.
Eichrom Sr resin. 5 mL of sample + 2-3 mL HNO3 (6-7 mol L -1
). The eluate containing Sr was submitted to dry evaporation, recovered with 50 µL of HNO3 1% and, later on, reduced at the time of the deposition on the filament. Eichrom Sr resin SR-B100-S (50-100 lm).
The resin is washed with 2 mL of highpurity water and activated by 5.5 mL of HNO3 8 M; 5 mL of sample are loaded and the interferences are eluted with 3.5 mL of HNO3 8 M. The recovery of Sr is accomplished by using 7.5 mL of high purity water.
0.001% (wine) 0.002% (SRM987) 0.001% (wine) [73] Wine and grapes TIMS Wine and grape samples + 2mL of aqua regia (3:1 HCl/HNO3) + 1mL of ultrapure H2O2 (24 h). Samples were then evaporated to dryness. This sequence was repeated until complete oxidation of the organic matter was attained. 1mL of 3 M HNO3 was added to dried samples, which were placed in an ultrasonic bath (10 min) and then centrifuged (10 min).
Eichrom Sr-spec resin (50-100 mesh) 0.01-0.08% (samples) 0.002% (SRM987)
[99]
Wine TIMS 5 mL of wine was evaporated to dryness at 90 °C in cleaned PFA beakers. The residue was dissolved twice in 3 ml of ultrapure quality H2O2 (30%) (40 °C, 1 day) and subsequently evaporated to dryness at 90 °C. The sample was then dissolved twice in 2 mL of suprapure concentrated HNO3 (150 °C, 1 day), evaporated to dryness, and dissolved again in 1 mL of 3 N HNO3.
Sr-Spec resins (100−150 μm, Eichrom). After sample loading onto the column, 14 column volumes (CV) of 3 N HNO3 was added in three steps (including rinsing two times with 2 CV) to interferents. Sr was collected in clean PFA beakers using some 13 CV of Milli-Q water in three steps.
0.0006% (wines) SRM987 [74]
Beer MC ICP-MS 10 g of degassed beer was put in a cleaned Teflon vessel and heated on a hot plate until only a small amount of the sample remained. The sample was completely digested in a 6:1 mixture of HNO3 and HClO4, and then in H2O2. Samples were dried in Teflon vessels and re-dissolved in 8 M HNO3.
Eichrom Sr resin. Rb was eluted from the samples with 12 mL of 8 M HNO3, followed by 16 mL of 1 M HNO3 for Ca and then Sr was collected in 8 mL MilliQ water.
n.a.
0.001% (SRM987) [103]
Wheat TIMS 5 g of dry wheat was placed in porcelain crucibles in a hightemperature muffle furnace (550−600 °C, 18 h). Residues were treated with concentrated HNO3 on a hot plate and then transferred Ion exchange chromatography column 0.07% (wheat) 0.04% (SRM987) [104] back to the furnace. The residues were dissolved in 1 M HNO3.
Honey TIMS 100 g of honey was placed in the furnace:
Step 1 -8h, up to 600 ⁰C;
Step 2 -10h, at 600 ⁰C. Residues were treated with concentrated HNO3 on a hot plate and then transferred back to the furnace. The residues were dissolved in HNO3.
Ion chromatography on a Sr-specific resin (Sr-spec).
0.2 -0.3% (honey) SRM 987 [106] TIMS 200 mg of the meat (freeze-dried or defatted dry mass) were weighed into a quartz crucible and thermally ashed (500 °C, 4 h). The remaining white ash was dissolved in concentrated HNO3. New developments concerning the application of strontium in health sciences are 499 possible, for example by using compounds of this metal associated to more efficient 500 delivery systems for diagnosis and treatment purposes. 501
It has been shown for plants [70] , fish [16] suffer fractionation from soil across trophic levels and may therefore serve as biological 503 markers for different applications. Thus, strontium isotope ratios could be inferred from 504 data on bioavailable strontium isotopes from soils, and comparing from different 505 geographical areas could give us information about evolution. Different attempts at 506 developing predictive models, isotope maps or isoscapes, have been made without 507 reaching consensus so far due to the complexity of the systems [186] [187] [188] [189] . Although a 508 difficult task, establishing strontium isoscapes for geographical provenance of 509 foodstuffs would represent a breakthrough. Recently an archaeological bioavailable 510 strontium map of The Netherlands has been proposed [190] . Strontium isoscapes are 511 also are available for Britain [191] while in France the IRHUM database provides a data 512 set of bioavailable strontium isotope ratios [192] , 513
Taking into account that strontium is mainly inert for biological species, the ratio soil 514 species and among isotopes should follow similar patterns for some closely related 515 species, even far regarding their geographical location, then these isotopes could be a 516 tool applied to the biological evolution search. 517
To analytical purposes samples of calcium biominerals replaced by strontium in low 518 amounts (e.g. teeth, bones, shells), in other biological materials (e.g. hair, fruits) and 519 derivatives (e.g. wine, cheese) have been used. However, taking into account the 520 multiple diversity of biological roles of calcium, which is the most important element in 521 types of biominerals, the employment of strontium from other biological materials, is 522 Sr values 529 decreasing while moving from roots to stems to foliar tissues [10] . This strontium 530 isotopic fractionation has been described as a temperature-dependent phenomena 531 [195] .Such knowledge may lead to innovative applications in various fields like geology 532 [11, 196] , hydrology and biology [197, 198] Laser ablation allows the direct analysis of solid samples thus overcoming the most 540 critical point of the analytical procedure, extraction of the strontium isotopes. This 541 technique has already been applied to different matrices as for example geological 542 materials [199] Gas Chromatography has proven its importance in trace metals analysis, particularly in 547 environmental and food analysis due to its impact in human health [202] [203] [204] . It is thus 548 expected that similar studies focusing on isotopes may lead to new advances. 549
The determination of strontium isotope ratios in biological samples like bone or tooth 550 enamel is currently very well established in laboratories. In the case of foodstuffs it has 551 already been applied to a large variety of matrices and it is expected that, with proper 552 sample preparation development, the method could be applicable to all food 553
commodities. 554
Stable isotope analysis is a field of growing interest with large amounts of data 555 generated over the last few years. Nonetheless most of these values are dispersed 556 amongst scientific publications, including preliminary studies using a reduced number 557 of samples and geographical origins (are laid out within national boundaries or more 558 rarely including two countries). It would be most useful to compile, validate and 559 compare such data on an international database making the best use of them through 560 the employment of powerful statistical tools to allow comparative studies. Elemental 561 concentrations have been widely used to develop methods for authentication of 562 foodstuffs; however strontium isotope ratios have proved to be a more powerful tool for 563 such purpose. Nonetheless, in several cases using different techniques and crossing 564 more than one traceability marker could be valuable for a very precise tracing of the 565 geographical origin of foodstuffs, particularly in cases of similar geological environment. 566
The advantages of combining elemental concentrations and isotope ratios, both "light" 567 and "heavy" isotopes, should be a matter of interest in future research work. In the 568 specific case of processed foods or foodstuffs containing more than one ingredient, 569
and therefore with several influences on the strontium isotope ratios, this approach 570 might be particularly beneficial [76, 100, 103, 205] . On the other hand, in archaeological 571 studies dealing either with past migrations, diet habits or trading activities it is common 572 to combine more than one isotopic system, in particular strontium and oxygen isotopes 573 [117, 169] . It seems evident that in these studies such approach is more beneficial 574 rather than resorting only to strontium isotopes. 575 4. Conclusions 576 577
The present work provides information on the application of strontium and its isotopes 578 Sr should always be found above 0.702 for all types of samples collected in 586 natural environments, since this value corresponds to the minimum value currently 587 encountered in the Earth's crust [6, 12] . Lower values should be examined with caution 588 and analytical methods must be thoroughly validated. 589
The existence of an analytical quality system supporting results is essential; however 590 such control is either not implemented in analytical laboratories or it is not consistently 591 reported in recent publications. To facilitate such task the terminology employed in 592 analytical quality control should be harmonized amongst the scientific community. In 593 addition the development of matrix matching reference materials would be extremely 594 useful for future isotope ratio measurements. 595
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